ABSTRACT: Structural and dynamic properties of a partially folded conformation (A-state) of ubiquitin are studied using amide hydrogen exchange in solution (HDX) and mass spectrometric detection. A clear distinction between the native state of the protein and the A-state can be made when HDX is carried out in a semicorrelated regime. Convoluted exchange patterns are interpreted with the aid of HDX simulations in a three-state system (highly structured, partially unstructured, and fully unstructured states). The data clearly indicate a highly dynamic character of the non-native state. Furthermore, combination of HDX and protein ion fragmentation in the gas phase [by means of collision-induced dissociation (CAD)] is used to evaluate the conformational stability of various protein segments specifically in the molten globular state. Chain flexibility appears to be distributed very unevenly in this non-native conformation. The highest degree of structural disorder is displayed by the C-terminal segment (Gly 53 -Gly 76 ), which was previously suggested to form a transient R-helix. The least dynamic segment of ubiquitin in the A-state is Thr 9 -Glu 18 (which was previously suggested to form a stable nativelike -strand), with the adjacent segments exhibiting somewhat diminished conformational stability. The study also demonstrates the power of mass spectrometry as a tool in providing conformer-specific information about the structure and dynamics of both native and non-native protein states coexisting in solution under equilibrium.
Molten globule is a term that is used to describe a class of compact non-native protein states that are often thought to be general intermediates in protein folding, which are characterized by a substantial degree of secondary structure and a nearly complete absence of a native tertiary fold (1) . Extensive studies of molten globular states of a variety of proteins were initially catalyzed by the realization that elucidating their structural and dynamic features may provide important clues for solving the protein folding problem (2, 3) . Since the kinetic folding intermediates are populated only transiently during the protein folding process, properties of molten globular states are often studied using the equilibrium models. In fact, it is the partially unfolded equilibrium intermediates that were initially proposed to belong to a common physical state of globular proteins, for which the term molten globular state was coined. More recently, renewed interest in the properties and behavior of molten globular states was instigated by a growing understanding that structural disorder is quite ubiquitous in vivo and often plays an important role in a variety of physiological processes (4) . Such partially unstructured protein states have been implicated in a variety of processes ranging from protein translocation through membranes to ordered oligomerization, recognition, signaling, and even catalysis.
The experimental tools employed in the studies of molten globular states include circular dichroism spectroscopy and calorimetric characterization, with NMR and small-angle X-ray scattering rapidly gaining popularity in this field as well. A major difficulty associated with the experimental studies of the molten globular states under equilibrium conditions is due to the impossibility of forcing the entire ensemble of protein molecules to the molten globular state. Indeed, while the molten globular state is separated from the native state by a highly cooperative first-order phase transition, a collapse of random coil to the molten globule should be a second-order transition and, therefore, lack cooperativity (5). As pointed out by Privalov, a continuous distribution of microstates becomes populated at equilibrium in the case of a second-order transition, which is manifested kinetically as a gradual (noncooperative) transformation of the macroscopic states (5) . It is the significant degree of structural heterogeneity and dynamic character of the molten globular state that often make its detailed structural characterization difficult (6) . Mass spectrometry has emerged in the past decade as a powerful alternative tool for studying structural and dynamic properties of biopolymers (7) . One particularly attractive experimental technique is hydrogendeuterium exchange (HDX) 1 used in combination with mass spectrometric detection (8, 9) , which in many cases provides a unique opportunity to detect and characterize protein dynamics in a conformer-specific fashion (10, 11) . Such state-specific characterization becomes possible only in the so-called correlated exchange regime, in which a group of backbone amides become solvent-exposed simultaneously upon transition from a more structured state to a less structured one, while the intrinsic exchange rate of the exposed amides is sufficiently high to afford labeling of this entire group during a single opening event [a condition commonly termed the EX1 mechanism (10) ]. Furthermore, combination of HDX in solution and protein ion fragmentation [by means of collision-activated dissociation (CAD)] in the gas phase allows the dynamic events to be probed in a segment-specific fashion (12) .
HDX MS has been used in the past by several groups to study the behavior of molten globules at equilibrium (13, 14) , although the experiments were typically carried out under conditions that prevent distinct detection of different protein states. Indeed, molten globular states of many proteins are known to be favored in acidic solutions, where the intrinsic exchange rates of unprotected amides are decreased very dramatically (15) . Low intrinsic exchange rates typically cause HDX to follow the so-called EX2 exchange regime (16) , which always results in uncorrelated HDX MS patterns, and hence the inability to track protein behavior in a conformer-specific fashion. A recent attempt to characterize a molten globular state of creatine kinase by HDX MS under conditions favoring the EX1 exchange regime has failed to detect any measurable protection against the exchange (17) . Such an apparent lack of protection (despite significant helical content) was interpreted in terms of a highly dynamic character attributed to this state in the absence of stabilizing tertiary contacts.
Structural fluidity is indeed considered one of the general characteristics of molten globular states; however, there are several well-documented examples of a certain segment of a protein maintaining a more or less stable structure. In particular, the methanol-induced A-state of a small protein ubiquitin was shown to retain a significant proportion of its native tertiary structure in the N-terminal segment, which was stable enough to allow the 1 H-1 H nuclear Overhauser enhancement (NOE) to be observed in NMR spectra (18) . Interestingly, the C-terminal part of ubiquitin was found to be highly dynamic, despite a uniformly high propensity for non-native helical structure. This finding contradicted earlier studies of the same protein, which concluded that the C-terminal part largely retained a nativelike format (19) . The conflicting views of the structure of the ubiquitin A-state may be caused in part by interference of both the native and fully denatured states of this protein with the measurements of properties of a partially folded molten globular state. Indeed, solution conditions that are typically used to populate the A-state (low salt, pH 2, 60% methanol by volume) do not result in complete elimination of other states of ubiquitin. In fact, both natively folded and fully unfolded protein states are present in solution in considerable amounts under these conditions, as suggested by the analysis of the charge state distribution of ubiquitin ions in electrospray ionization (ESI) mass spectra (20) . It is one of the goals of this work to assess the utility of HDX MS as a means of obtaining both structural and dynamic characteristics of a molten globular state. This is accomplished by carrying out the experiments under conditions favoring the EX1 exchange regime, which allows the distinction to be made between the native and non-native states of ubiquitin. Uncorrelated and rapid (but measurable) loss of 2 H content in the A-state is ascribed to the fact that its transition to the random coil state is a second-order transition. Finally, a combination of HDX in solution and protein ion fragmentation in the gas phase allows us to localize a stable core of the A-state, which appears to comprise a significant segment of the N-terminal half of the protein (forming a -strand and an internal R-helix in the native form of ubiquitin).
MATERIALS AND METHODS

Materials.
Ubiquitin was purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO) and was used without further purification. Deuterium oxide (99% 2 H) and d 4 -acetic acid were purchased from Cambride Isotope Laboratories (Andover, MA). All other chemicals were analytical grade or better.
HDX MS and HDX CAD MS Measurements. Complete deuteration of ubiquitin prior to HDX experiments was achieved by incubating the denatured protein in 2 H 2 O at pD 2 (unadjusted for the isotope effect) and 45°C for 1 h followed by lyophilization. This procedure was repeated at least three times to ensure complete replacement of all labile hydrogen atoms with 2 H (completeness of protein deuteration was also verified by ESI MS). The pD of the final stock solution of deuterated ubiquitin in 2 H 2 O was adjusted to 6.8 using d 4 -acetic acid. HDX MS measurements were performed on an Apex III (Bruker Daltonics, Inc., Billerica, MA) FT ICR mass spectrometer equipped with a standard ESI source and a 4.7 T actively shielded magnet. HDX reactions were initiated by diluting an aliquot of the 350 µM solution of deuterated ubiquitin at a 1:50 ratio (v/v) in a 10 mM ammonium acetate solution whose pH was adjusted to a desired level. Collision-activated dissociation (CAD) of protein ions was achieved by increasing the capillary exit potential from 90 to 300 V and increasing the hexapole accumulation time from 0.5 to 1 s. Eight scans (with a total acquisition time of ca. 45 s) were averaged in recording each CAD spectrum to ensure an adequate signal-to-noise ratio. Calculations of the distributions of deuterium content within various protein segments were carried out using a deconvolution procedure developed in our laboratory.
HDX MS Simulation. Simulation of HDX MS patterns for a three-state protein was carried out by extending the model, which was initially developed for a two-state protein and is described in detail elsewhere (11) (see the Supporting Information for more details).
RESULTS
HDX MS Patterns in the Global Dynamics of Ubiquitin
under Non-NatiVe Conditions. The A-state of ubiquitin is typically induced by acidification of the protein solution to pH 2 under low-salt conditions and in the presence of alcohol (60 vol %) (18) . Amide exchange of Ub under such conditions is clearly uncorrelated, as suggested by the appearance of isotopic distributions of protein ions in ESI mass spectra (Figure 2A ). Although the appearance of HDX MS profiles under these conditions is qualitatively similar to those observed under native conditions ( Figure 2B ), significant destabilization of Ub at pH 2 and high alcohol content can be inferred indirectly by comparing the two sets of spectra. Indeed, the exchange occurs much faster under acidic conditions, despite a dramatic decrease in the intrinsic exchange rate (more than 3 orders of magnitude). The difference in exchange kinetics was used in the past to study the dynamics of non-native protein states. For example, Deinzer and co-workers studied acid-induced intermediate states of cytochrome c at low pH and noticed that HDX MS can provide indirect information about various non-native protein states by comparing the exchange kinetics at neutral and acidic pH (13) . However, the uncorrelated character of the exchange reactions does not allow different protein states to be detected directly, even though they are significantly populated under these conditions.
Since the major goal of this work was direct observation and characterization of the A-state of Ub, we have examined a range of mildly denaturing conditions, which may favor correlated or semicorrelated exchange. Correlated exchange patterns can only be observed when HDX follows the EX1 mechanism (i.e., intrinsic exchange rate exceeding the protein refolding rate) (10, 11) . Since the acid catalysis of amide exchange reactions is much less efficient than the base catalysis (15) , the EX1 exchange regime is typically achieved when HDX measurements are carried out at elevated pH. The results of our previous work indicate that a partially structured non-native state of Ub becomes populated at neutral pH upon addition of alcohol to the protein solution at a level exceeding 40 vol % (20) . A detailed analysis of charge state distributions of Ub ions in electrospray ionization mass spectra under these conditions indicated that this nonnative state displays the same degree of compactness as the A-state of the protein (which was determined to be the principal, although not the only, Ub species at pH 2 in 60% methanol).
While the exchange under these conditions is relatively fast and is usually completed within less than 1 h, the recorded mass spectra clearly show bimodal isotopic distributions during first 10 min of exchange in solution ( Figure  2C ). We note, however, that we have not been able to observe fully correlated exchange, a pattern exhibited by small two-state proteins under similar conditions (11) . Instead, the isotopic envelope corresponding to the less protected protein species indicates some residual protection, which is gradually lost (notice a continuous shift of this envelop toward the lower m/z values in Figure 2C ). While similar semicorrelated exchange patterns can in fact be displayed by two-state proteins (an intermediate exchange regime identified as EXX), it only occurs within a narrow range of conditions separating EX1 and EX2 exchange regimes (11) . The persistence of the semicorrelated exchange pattern in the case of Ub at high pH is surprising and will be discussed in the following sections.
HDX CAD MS Patterns in the Local Dynamics of Ubiquitin under Non-NatiVe Conditions. HDX MS measure- FIGURE 2: Evolution of isotopic distributions of intact Ub ions (+6 charge state) throughout the course of hydrogen exchange in solution initiated by diluting a deuterated protein solution in protiated exchange buffer at pH 2 in 60% MeOH (A), at pH 7 in 0% MeOH (B), and at pH 7 in 60% MeOH (C). ments described in the previous paragraph provide information about the global dynamics of the protein in a statespecific fashion. Local information can be obtained by introducing a protein fragmentation step prior to MS detection. This can be done either proteolytically under slow exchange conditions in solution (21) or by inducing protein ion fragmentation in the gas phase (12) . The latter offers an advantage of much shorter data acquisition times and also prevents problems associated with back exchange, although it may in some instances suffer from the limitations imposed by internal hydrogen exchange in the gas phase prior to the dissociation event (the so-called hydrogen scrambling). In this work, we used collision-activated dissociation (CAD) of protein ions in the ESI interface region, which has been shown before to minimize hydrogen scrambling (12, 22) , to obtain segment-specific information about deuterium retention by different states of the protein. 2+ and y 18 2+ fragment ions in Figure 3A ,B). Accurate calculations of the isotopic content of any protein segment flanked by two fragment ions require that the actual isotopic distribution of the two fragments, rather than their average deuterium content, be taken into consideration. For example, the deuterium content of the Gly 53 -Asp 58 segment can be deconvoluted from the experimentally measured isotopic distributions of y 24 2+ and y 18 2+ fragment ions. The deconvolution was carried out using a procedure developed in our laboratory, which is based on the maximum entropy routine and will be reported elsewhere (R. R. Abzalimov, manuscript in preparation).
The results of deconvolution are shown in Figure 4 , where panel A represents the time evolution of the deuterium content of the Gly 53 -Asp 58 segment. The deuterium distribution is clearly bimodal, and in contrast to the global HDX patterns presented in Figure 2C , the exchange within this segment of the protein is correlated. Indeed, a prominent maximum in the distribution corresponding to zero retained 2 H atoms can be seen at the earliest time point (2 min of exchange in solution, top graph in Figure 4A ). This part of the distribution corresponds to a conformer that fails to provide any protection within the Gly 53 -Asp 58 segment. The other part of the distribution has a maximum, whose position indicates full protection of the segment at the time of the initial measurement (six protected amides following exchange for 2 min). The position of this maximum shifts over time, suggesting that the protection is lost due to fast structural fluctuations. This occurs in parallel with the exchange through global opening events, which is responsible for the observed correlated character of the exchange within this segment.
Not all protein segments exhibit full (or even significant) protection at the time of the initial measurement. Less than half of the amides remain protected in Ser 65 -Leu 71 and Arg 72 -Gly 76 segments following exchange for 2 min ( Figure  7 ). One feature, however, is common to all segments in the C-terminal half of Ub, namely, the presence of fully exchanged species. This feature is notably missing in the exchange patterns of protein segments in the N-terminal part of the protein, e.g., Thr 9 -Gln 18 and Pro
19
-Gln 34 ( Figure  4B ,C). The distributions are not bimodal, and their maxima gradually shift toward lower 2 H content, indicating exchange through fluctuations without any contributions from the global opening events.
DISCUSSION
Ubiquitin is a highly conserved small single-domain protein, which mediates proteasomal degradation in eukaryotic cells and is also intimately involved in a variety of other cellular processes (23, 24) . One intriguing feature of Ub is its ability to populate a partially folded state (the so-called A-state) under a variety of non-native conditions. While the canonical conditions that are most frequently used to study the A-state of Ub are 60% methanol (by volume) at pH 2, it can also be populated to a certain degree in the presence of alcohol at higher pH (25) . Contrary to the classical view of the molten globular state, many studies indicate that the A-state of Ub is in fact a partially unfolded state, where the near-native structure is largely preserved in the N-terminal portion of the protein, while the C-terminal segment becomes highly dynamic (18) . Far-UV CD measurements indicate that the helical content of Ub is significantly higher under conditions stabilizing the A-state, which had been attributed to the high helical propensity of the dynamic non-native C-terminal segment forming a transient helix (18) . However, earlier studies concluded that this segment actually maintains a near-native conformation in the A-state (19) . More recently, FIGURE 5 : Simulated exchange for a model three-state system: fully correlated exchange (A) and semicorrelated exchange (B). The single major difference between these two sets is that the residence time of the protein in the U-state was very short in the latter case, thus limiting the extent of amide exchange accompanying unfolding of the A-state (see the Supporting Information for more details). Cordier and Grzesiek were able to characterize the network of hydrogen bonds in the A-state by measuring scalar couplings between 15 N nuclei of H-bond donors (amides) and 13 C nuclei of H-bond acceptors (carbonyls) of Ub at pH 2 in 60% methanol (26) . These measurements indicated that the H-bond network within the N-terminal part of Ub is largely preserved (although somewhat weakened) in the A-state, while the C-terminal portion undergoes significant rearrangement, giving rise to a N i H-O i-4 helical connectivity pattern (26) .
One of the major factors likely contributing to the apparent contradictions regarding the structure of the Ub A-state is the difficulty associated with characterization of a specific protein state when other states may be present as well. Indeed, the solution conditions that are commonly used to "stabilize" the A-state of Ub do not result in the complete disappearance of the native state of this protein. Analysis of protein ion charge state distributions in ESI mass spectra of Ub acquired at pH 2 in 60% methanol suggests that two other conformers (native state and random coil) are present in solution alongside the A-state at equilibrium, although the latter is the principal species (20) . Since most biophysical methods do not afford a clear distinction among various protein states coexisting at equilibrium, any signal arising from the native protein (or indeed random coil) may interfere with characterization of the A-state.
We sought to exploit the unique ability of mass spectrometry to study the equilibrium states in a distinct fashion so that characterization of the nativelike structural features of the Ub A-state is unaffected by the signal from the native state of the protein. Distinct detection of different conformers can be afforded in HDX MS measurements only under conditions favoring correlated exchange, when the distinction among the conformers is made on the basis of the differences in their exposure to solvent. Since correlated exchange patterns can only be observed when the intrinsic exchange rate of unprotected amides exceeds the refolding rate (conditions known as EX1 regime), our measurements had to be carried out at elevated pH (neutral and above) to ensure efficient base catalysis of the intrinsic exchange reactions. Previously, we have used ESI MS and CD spectroscopy to demonstrate that in the presence of alcohol (>40 vol %) a significant fraction of Ub molecules populate an intermediate state, which had been identified as the A-state (20) . HDX MS profiles of Ub acquired at pH 7 in 60% methanol are clearly bimodal during the first several minutes of exposure of the protein to the exchange buffer ( Figure 2C ). Two Ub species can be easily distinguished from one another, on the basis of the significant difference in their backbone protection (47 amides for one of the species and 24 for another following exposure of the protein to exchange buffer for 2 min). On the basis of the measured protection of the amide backbone, these two Ub species are assigned as the native state (N-state) and the A-state. An intriguing feature of this set of spectra is the absence of the signal corresponding to the fully exchanged protein molecules. This is surprising, since analysis of Ub ion charge state distributions in ESI mass spectra suggests that a minor fraction of the protein does populate the random coil state. Therefore, fully correlated exchange was expected to reveal the presence of all three conformers, as indicated on the simulated profiles presented in Figure 5A , which were calculated under the assumption that amide exchange within this system follows an ideal EX1 scenario. In other words, it was assumed that a fraction of amides become unprotected and exchange cooperatively upon protein transition to the A-state from the native conformation, while the rest of the amides exchange cooperatively upon unfolding of the A-state (see the Supporting Information for a more detailed discussion of the HDX simulation presented in Figure 5) .
A further increase in pH (up to pH 9) resulted in the overall acceleration of HDX without changing the bimodal character of the observed exchange profiles (data not shown). It must be noted that fast intrinsic exchange alone is a necessary, but not sufficient, condition for observing fully correlated exchange patterns. Indeed, unless each opening event exposes a set of amides to solvent simultaneously (cooperative unfolding), the observed exchange pattern will be uncorrelated even if labeling of each exposed amide is a very fast process. For example, a gradual shift of the isotopic cluster corresponding to the highly protected Ub species toward a lower m/z likely corresponds to amide exchange from the native state through local structural fluctuations (27) , analogous to behavior observed for two-state proteins (11) . At the same time, a gradual decline of the intensity of the isotopic cluster corresponding to the N-state and an increase in the abundance of the cluster corresponding to the A-state are indicative of a first-order transition between these two states. Apparently, the reverse activation energy barrier separating the A-state from the global free energy minimum (N-state) is sufficiently high that each Ub molecule visiting the A-state becomes trapped in it long enough to allow complete (or near-complete) exchange of all amides that become exposed to solvent upon the N f A transition.
The gradual shift of the isotopic cluster corresponding to the A-state toward a lower m/z is indicative of continuous uncooperative exchange of amides that initially remained protected upon the N f A transition. These processes may be viewed as structural fluctuations within the A-state, similar to those occurring in the fully structured N-state of the protein (vide supra). Unlike the local dynamics within the N-state of the protein, structural fluctuations in the A-state seem to affect all amides, as the entire isotopic cluster gradually shifts over time toward the end point of the exchange. This actually makes it impossible to distinguish these fluctuations of the A-state from short-lived transitions to the unstructured state of the protein (random coil, or U). Although the random coil is often perceived as a protein state lacking any stable structure and, therefore, protection, a brief sampling of this state by a protein does not necessarily expose all of the backbone amides to solvent simultaneously. Since the random coil is a macrostate representing an enormous ensemble of microstates, many of which exhibit some degree of structure and, therefore, protection (28) , brief sampling of the U-state does not necessarily lead to a complete exchange of the entire backbone even if the intrinsic exchange rate is very high. This situation can be illustrated using a minimalist representation of a model energy landscape similar to that depicted in Figure 6 , which utilizes a Brownian dynamic view of protein conformational kinetics (29) . A protein molecule is perceived as a particle moving along the protein free energy surface, which is comprised of several basins of attraction corresponding to various states (three in the case of Ub). The narrow potential well on the diagram shown in Figure 6 corresponds to the N-state of the protein; a more diffuse higher-energy local minimum corresponds to the A-state, and the third basin of attraction comprises a collection of microstates, which collectively represent the random coil, or U-state.
While the relative occupancies of these states are determined in thermally equilibrated systems by Boltzmann statistics (i.e., free energies of the states), the frequency of traversing the boundaries separating various states will depend on the ratio of temperature to activation energy. The very low (or indeed nonexistent) reverse activation energy barrier separating the U-state from the basin of attraction of the A-state makes any transitions to the former relatively short-lived and allows the protein to sample only a small fraction of microstates within the random coil conformation before it returns to a partially protected A-state. In this view of protein dynamics, the difference between local structural fluctuations within the A-state and short-lived A f U transitions (with zero reverse activation energy barrier) appears to be largely semantic. Indeed, a limited number of backbone amides exposed to solvent each time the U-state is sampled can be viewed as a local fluctuation. This, of course, would make the exchange from the U-state uncooperative, despite high intrinsic exchange rate of unprotected amides. Simulations of the exchange reactions in this model (EX1 regime for amides becoming exposed upon the N f A transition and EX2 regime for the rest of the amides, i.e., A f U transition) yield HDX patterns, which are qualitatively very similar to those observed experimentally ( Figure  5B ; see also the Supporting Information for a more detailed discussion of the HDX simulation).
Our interpretation of the experimentally obtained HDX data and comparison with the simulation of exchange processes in the model system invoke the notion of a shortlived conformational transition from A to U as a process responsible for the completion of the amide exchange. The uncorrelated character of the exchange is caused by the inability of the protein molecule to sample an adequate number of microstates within the macrostate U during a single unfolding event, a view consistent with the notion of a second-order transition. Since only a limited number of amides are affected during each opening event, such transient samplings of the U-state can also be viewed as local structural fluctuations within the A-state.
Local Backbone Dynamics in the A-State of Ubiquitin. The analysis of the global dynamics of Ub presented in the previous section suggests that the two distinct isotopic clusters in the bimodal isotopic distribution of Ub ions visible in ESI mass spectra during first several minutes of exchange in solution correspond to the N-state (a narrow cluster at a higher m/z) and the A-state of the protein (more diffuse cluster at a lower m/z). While evolution of the backbone protection pattern of the A-state is obviously influenced by frequent sampling of the U-state (vide supra), it does not contain any contributions from the N-state of the protein. Therefore, HDX MS measurements provide a unique opportunity to investigate the properties of a dynamic A-state without any interference from the native protein. In addition to this global dynamics information, combining HDX in solution with protein ion fragmentation in the gas phase allows the A-state structure to be probed selectively (i.e., without interference from the N-state).
One intriguing feature of the isotopic distributions of Ub fragment ions is that the bimodal character, which is so prominently displayed by the intact protein ions (Figure 2C ), can be seen only for fragment ions derived from the C-terminal part of the protein (y-ions). At the same time, fragment ions derived from the N-terminal half of the protein (b-ions) display single-mode isotopic clusters. Comparison of the evolution of isotopic distributions of b 18 2+ and y 18 2+ fragment ions (Figure 3 ) clearly shows that amide exchange within these two similarly sized segments proceeds through different mechanisms. The exchange within the C-terminal segment exhibits correlated character, while the N-terminal segment of the same size undergoes only slow uncorrelated exchange. Deconvolution of isotopic distributions of overlapping fragment ions allows the exchange behavior to be studied at the level of relatively short segments covering the entire protein sequence. In this work, our attention was focused on several segments that form distinct elements of secondary structure in the native conformation of Ub. Specifically, we examined behavior of the following segments: Thr 24 and y 18 ). The first two of these three segments represent a -strand ( 2) and a helix (R1) in the native conformation of Ub, which were both previously postulated to be preserved in the A-state (18, 26) . The third segment, on the other hand, represents a helix-turn-helix motif in the native conformation, which was postulated to become a part of a transient helix in the A-state of the protein (18, 26) . The evolution of the deuterium content for each of these three segments is shown in Figure 4 . Only the Gly 53 -Asp 58 segment has a bimodal deuterium distribution during first several minutes of exchange. The two maxima in the initial distribution (top trace in Figure 4A ) correspond to a fully exchanged segment (zero retention) and fully protected (five of six amides) segment. This second cluster rapidly diminishes in abundance and also shifts to a lower deuterium content, suggesting that the corresponding protein species exchanges through both global opening events (which leaves no protected amides) and local structural fluctuations (which expose only a fraction of the segment's amides to solvent at a time). The single maximum of the initial isotopic distribution of the Thr 9 -Glu 18 segment of Ub (top trace in Figure  4B ) also corresponds to a high degree of protection (seven of ten amides ). This protection is gradually lost through uncorrelated exchange, suggesting that in both A-and N-states of Ub amide exchange within this segment proceeds only through local structural fluctuations and is not aided by any cooperative unfolding events. The adjacent segment, Pro 19 -Glu 34 , is only partially protected at the time of the initial measurement (eight of fifteen amides, top trace in Figure 4C ), but it also loses its protection only through uncorrelated exchange without any evidence for cooperative unfolding of this segment in either the A-or N-state of the protein.
The absence of a bimodal character among the isotopic distributions of the segments of Ub located in the N-terminal half of the protein is very telling, as it clearly indicates that their behavior is identical in both the N-and A-states of the protein. This is in sharp contrast with the Gly 53 -Asp 58 segment derived from the C-terminal half of the protein, for which a very clear distinction can be made between the two states of the protein. Furthermore, other segments in the C-terminal region also display bimodal isotopic distributions (Figure 7) , allowing a distinction between the two states to be made. Importantly, some of these segments (e.g., Tyr 59 -Glu
64
) have a considerable number of amides protected in the N-state, while none of the segments appears to have any protection in the A-state of the protein, at least on the time scale of our measurements.
The absence of any detectable protection in the C-terminal part of the protein that could be ascribed solely to formation of the non-native structure specific to the A-state (transient helix) is in line with recent observations by Forest, Smith, and co-workers, who noted that "this paradox, the presence of significant residual secondary and tertiary structures detected by optical probes and the total deuteration of its amide protons detected by H-D exchange and mass spectrometry, could be explained by a highly dynamic [character of] molten globule" (17) . At the same time, we note that the N-terminal half of Ub is quite stable in the A-state of the protein, as its dynamic characteristics appear to be indistinguishable from those of the same element in the native conformation of the protein. In fact, the A-state of Ub does not fit a classical definition of a molten globular state, and would probably be better described as a partially folded state of the protein. What makes it very unusual is the fact that part of the protein, which is not natively folded, also assumes certain (non-native) structure, even though it is highly dynamic and eludes straightforward characterization by HDX MS. Furthermore, Ub is a very small protein, and the presence within a single domain of two distinct parts that display such a dramatic difference upon mild denaturation is indeed rather intriguing.
Until recently, there was a consensus view that renaturation of Ub is a simple two-state process, which does not involve any kinetic intermediates. This view is beginning to change now following a report by Konermann and co-workers, who detected a kinetic intermediate state during Ub refolding (30) . Even earlier peptide dissection studies hinted that Ub folding may proceed through formation of a transient species in which the N-terminal part acquires near-native structure (31) . It remains to be seen if the kinetic folding intermediate detected by Konermann and co-workers is identical or similar to the A-state of Ub, a task that can be accomplished by combining Konermann's pulsed HDX MS technique (9, 32) and protein ion fragmentation in the gas phase. Finally, Ernst and co-workers noted that at least some biological functions of Ub involve large-scale intramolecular motions and, therefore, must require a degree of protein flexibility much higher than that available in the native conformation (18) . It is possible that such flexibility is attained via transient sampling of the A-state. Indeed, all but one of the key hydrophobic residues (Leu 8 , Leu , and Leu 71 ) of Ub, which are known collectively as the hydrophobic patch and are critical for proteasomal degradation, endocytosis, and virus budding (33) (34) (35) , are confined to the protein segment that becomes highly dynamic in the A-state. The Lys 48 residue, whose side chain is used to form polyubiquitin chains which target proteins for proteasomal degradation, is also located within this segment of the protein. Therefore, increased dynamics within this region may be an important facilitator of binding of Ub to a variety of its partners in numerous interaction networks that involve this protein (36) .
CONCLUSIONS
Molten globule, as well as other non-native states, possesses inherent plasticity and cannot be isolated physically for direct characterization by most biophysical techniques without interference from other equilibrium states. HDX MS measurements carried out in a semicorrelated exchange regime are unique in that they allow for both native and partially unfolded states of Ub to be observed and characterized both globally and locally. The results of this work indicate that the A-state of Ub does not fit a classical definition of a molten globular state, but rather has characteristics of a partially unfolded state. While the results of HDX MS measurements of Ub global backbone dynamics do suggest that unfolding of the A-state is a slow secondorder transition, the non-natively folded segment of the A-state (a transient helix) does not have any detectable amide protection. At the same time, the dynamic behavior of the N-terminal segment of the protein is identical to that of the natively folded conformer under the same conditions. The surprisingly uneven distribution of the backbone flexibility in the non-native state of Ub may be an important structural feature, which was evolutionary optimized to facilitate its interactions with a variety of its partners in a plethora of cellular processes in which this protein is utilized.
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Supporting Information
Simulation of HDX MS patterns for a three-state protein was carried out using an algorithm developed as an extension of our model of a two-state system, which was described in detail elsewhere (11) . The extension of the two-state model was accomplished by introducing an intermediate state (which accounts for the A-state of Ub in this work), to which a limited exchange competence was assigned. The limited exchange competence means that only K (L < K < N) amides can be exchanged from this state. 1 The exchange kinetics from the intermediate state is determined by both P A (probability that a protein molecule samples this A-state during time interval τ) 2 and P A ex , probability of exchange of any single amide (from the pool of K identical ones) during lifetime of the protein in the A-state:
where k cl A is a rate constant for the A → N transition. This situation corresponds to a potential energy diagram depicted in Figure 6 . In this case a peak I(M,t x ), corresponding to a protein species retaining M (M ≤ N) 2 H atoms at time t x , will be transformed at time t x+1 = t x + τ to a distribution that can be calculated using a rather straightforward expansion of equations (21) (22) from our earlier work (11): 1 N is the total number of amides in the model protein and L is the number exchangeable through local structural fluctuations in the native state 
if M>N-L;
if N-K < M ≤ N-L; and
if M ≤ N-K.
A more realistic generalization of this rather simplistic three-state model needs to account for structural fluctuations of the A-state. This can be done in a fashion similar to that used for treatment of structural fluctuations in the native state (11) with one important exception. The full range of fluctuations within the native state (L) was assumed to be rather limited due to the presence of stable tertiary structure, since there is abundant evidence that such fluctuations primarily affect amides that are positioned close to the protein surface (27) . If the A-state lacks a stable hydrophobic core (26) , the range of structural fluctuations within the A-state should be unlimited (i.e., any one of the N-K protected amides can be exchanged from the A-state through fluctuations). This, of course, would make the activated A-state indistinguishable from the fully unstructured U-state (as shown in Figure 6 ). Exchange kinetics within the A-state occurring via structural fluctuations will depend on P A→U (probability of sampling U from A during lifetime of the latter), P U ex (probability of exchange for any single amide out the pool of N-K identical ones during such fluctuation event):
There are two refolding rate constants in the denominator of (5) 
Equations (6) (7) (8) were used to calculate the exchange profiles shown in Figure 5 . HDX simulation represented by the profiles shown in Figure 5A (correlated exchange) was carried out using the following set of parameters: probability of sampling U-state from N-state during time interval τ , P N→U = 0.0001; probability of sampling A-state from N-state during the same time interval, P N→A = 0.005; probability of sampling U-state from A-state during the lifetime of the latter, P A→U = 0.02; probability for a any single amide from a set of L identical ones to be exchanged during the time interval All calculations were carried out using FORTRAN90. Complete listings of the programs are available upon request.
